The use of ginseng extract as an adjuvant for cancer treatment has been reported in both animal models and clinical applications, but its molecular mechanisms have not been fully elucidated. Mitomycin C (MMC), an anticancer antibiotic used as a first-or secondline regimen in the treatment for non-small cell lung carcinoma (NSCLC), causes serious adverse reactions when used alone. Here, by using both in vitro and in vivo experiments, we provide evidence for an optimal therapy for NSCLC with total ginsenosides extract (TGS), which significantly enhanced the MMC-induced cytotoxicity against NSCLC A549 and PC-9 cells in vitro when used in combination with relatively low concentrations of MMC. A NSCLC xenograft mouse model was used to confirm the in vivo synergistic effects of the combination of TGS with MMC. Further investigation revealed that TGS could significantly reverse MMC-induced S-phase cell cycle arrest and inhibit Rad51-mediated DNA damage repair, which was evidenced by the inhibitory effects of TGS on the levels of phospho-MEK1/2, phospho-ERK1/2 and Rad51 protein and the translocation of Rad51 from the cytoplasm to the nucleus in response to MMC. In summary, our results demonstrate that TGS could effectively enhance the cytotoxicity of MMC against NSCLC cells in vitro and in vivo, thereby revealing a novel adjuvant anticancer mechanism of TGS. Combined treatment with TGS and MMC can significantly lower the required concentration of MMC and can further reduce the risk of side effects, suggesting a better treatment option for NSCLC patients.
Introduction
Lung cancer is among the leading causes of cancer death among males in both developed and developing countries, and it has surpassed breast cancer among females in developed countries. Approximately 1.8 million new lung cancer cases were diagnosed in 2012, accounting for approximately 13% of total cancer diagnoses [1] . Non-small cell lung carcinoma (NSCLC) accounts for 80% of lung cancers [2] . Chemotherapy is the main therapy for NSCLC patients, however, toxic side effects limit its clinical application to a great extent [3] [4] [5] . Mitomycin C (MMC) is an anticancer agent that causes intrastrand DNA crosslinks (ICLs), which are among the most severe types of DNA damage and block DNA processes such as transcription and replication [6] . Currently, MMC is being extensively used as a chemotherapeutic agent in the clinic for the treatment of a variety of cancers, including stomach, breast, pancreas, colon and bladder cancer [7] [8] [9] . MMC has been formulated to treat NSCLC as a single agent and can be combined with other chemotherapy agents for advanced NSCLC treatment in the form of a first-or second-line regimen. However, it exhibits prolonged suppression of the bone marrow. Therefore, the role of MMC in the treatment of NSCLC needs to be redefined [10, 11] . At present, NSCLC remains a threat to human health, with an overall 5-year survival rate of only 18.2% [12] . Many natural products have anticancer effects and can enhance the cytotoxicity of chemotherapy agents [13, 14] . It is a common strategy to use combinations of natural products and chemotherapy agents as anticancer treatment to overcome drug resistance and reduce toxicity due to the safety and efficacy of natural products [15, 16] ; however, the underlying mechanisms of the antitumor effects of most natural products are www.nature.com/aps Zhao M et al Acta Pharmacologica Sinica still unknown. Ginseng (Panax ginseng C. A. Mey) has been widely used in Asian countries for thousands of years [17] . The effective components of ginseng are multiple ginsenosides, including more than 100 types of protopanaxadiol (PPD) and protopanaxatriol (PPT)-type ginsenosides [18] . The pharmacological activities and pharmacokinetic behaviors of these ginsenosides have been identified in many studies [19] [20] [21] . Ginseng and Shenmai injection (ginseng-derived Chinese medicine) are prescribed as herbal medicines for cancer patients in China; however, their underlying adjuvant anticancer mechanisms are still elusive.
This study was designed with the aim of elucidating the signaling pathways associated with promoting cell death in NSCLC by total ginsenosides extract (TGS) in combination with MMC. In brief, TGS significantly upregulated the anticancer effect of MMC in A549 and PC-9 cells in a synergistic manner. The underlying mechanism of this synergistic efficacy involved the MEK1/2-ERK1/2-Rad51 pathway, which is responsible for the poor efficacy of long-term MMC treatment. The synergistic efficacy of TGS combined with MMC was further confirmed in a xenograft model in vivo, suggesting a novel strategy for combination therapy for NSCLC patients.
Materials and methods

Chemicals and reagents
Total ginsenosides extract and ginsenoside monomers (purity 98%) were purchased from the College of Chemistry of Jilin University (Changchun, China). The ginsenosides content (Rb1 11.2%, Rb2 11.1%, Rc 10.5%, Rd 7.7%, Re 8.9%, Rf 0.9%, Rg1 3.3%, Rg2 1.4%, and Rh1 0.2%) in the total ginsenosides extract was determined using a liquid chromatography-mass spectrometry method validated in our laboratory [21] . TGS was dissolved in RPMI-1640 medium at a concentration of 100 mg/mL. Ginsenoside monomers were dissolved in DMSO at a concentration of 100 mmol/L. Diol-type ginsenosides and triol-type ginsenosides were dissolved in DMSO at concentrations of 0.05 mg/mL and 0.025 mg/mL, respectively. MMC was purchased from Bomei Biotechnology (Hefei, China) and dissolved in DMSO at concentrations of 0.25, 0.5, 1 and 2 mg/mL. DMSO was purchased from Sigma-Aldrich (St Louis, MO, USA). The MEK1/2 inhibitor U0126-EtOH was purchased from Selleckchem (Houston, USA). Lipofectamine iMAX, Rad51 siRNA (VHS40454) and control siRNA (medium GC) were purchased from Life Technologies (Shanghai, China). The FragEL TM DNA Fragmentation Detection Kit (QIA39) was purchased from Merck Millipore (Massachusetts, USA). Cell Counting Kit 8 (CCK-8) was purchased from Dojindo (Kumamoto, Japan). RPMI-1640 and Opti-MEM medium were purchased from Gibco (California, USA). RIPA lysis buffer, Hoechst 33342, Triton X-100, PMSF, BCA protein assay kit, and nuclear and cytoplasmic protein extraction kit were purchased from Beyotime Biotechnology (Shanghai, China).
Cell culture
Human non-small cell lung cancer cell lines A549 and PC-9
were obtained from the American Type Culture Collection (ATCC) (Maryland, USA) and cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum, 100 U/mL penicillin and 100 µg/mL streptomycin at 37 °C with 5% CO 2 . All reagents used in cell culture were from Life Technologies (Shanghai, China).
Cell proliferation assay Cells in 96-well plates at 80% confluence were treated with 0.25, 0.5 or 0.75 mg/mL TGS and 0.25, 0.5 or 0.75 µg/mL MMC alone or in combination for 48 h. Cell viability was measured using the CCK-8 assay according to the manufacturer's instructions. Absorbance at 450 nm was measured using a BioTek Synergy H1 Hybrid Reader (Vermont, USA).
Hoechst staining Cells in 6-well plates at 80% confluence were treated with 0.5 or 1 mg/mL TGS and 0.5 or 1 µg/mL MMC alone or in combination for 24 h, after which the medium was discarded and fresh medium containing 10 µg/mL Hoechst 33342 was added for further 30 min at 37 °C. Then, the medium was discarded, and the cells were gently washed three times with icecold PBS. The cells were subsequently observed with a Leica DMI3000B fluorescence microscope (Bensheim, Germany).
siRNA transfection All transfections were performed using Lipofectamine iMAX according to the manufacturer's instructions. Cells were transfected with Rad51-specific or negative control siRNAs (GenePharma Inc, Shanghai, China) at a concentration of 20 nmol/L for 48 h before the assays. The sequence of the siRNA duplex for RAD51 is as follows: sense strand: 5'-CCAC-CAGACCCAGCUCCUUUAUCAA-3', antisense strand: 5'-UUGAUAAAGGAGCUGGGUCUGGUGG-3'. 
Apoptosis assay
Western blot analysis
Cells were collected and lysed in ice-cold RIPA lysis buffer containing 2 mmol/L PMSF. The protein concentrations in the lysates were quantified using a BCA Protein Assay Kit. Cell lysates containing 60 µg of protein were subjected to SDS-PAGE using 8%-12% gradient polyacrylamide gels (Bis-Tris Midi Gel, Life Technologies, USA) and analyzed by immunoblotting with antibodies to the corresponding proteins. The same blots were probed with GAPDH antibody as the loading control. Protein expression was quantified by densitometry using Image Lab software.
The primary antibodies (dilution ratio: 
Cell cycle analysis
Cells were starved for 12 h in serum-free medium and treated with TGS or MMC alone or in combination for further 24 h, after which the cells were successively fixed with 4% formaldehyde for 20 min at 4 °C and 75% ethanol for 2 h at -20 °C. Then, the cells were stained with propidium iodide and detected using a BD Biosciences FACSCalibur flow cytometer (San Jose, CA, USA).
Quantitative real-time PCR Extraction of total RNA was performed using the RNAiso Plus reagent (TaKaRa Biotechnology Co, Ltd, Dalian, China) according to the manufacturer's protocol. The concentration of RNA was determined by measuring the absorbance at 260 and 320 nm. Complementary DNA was generated from 500 ng of total RNA using SuperScript II Reverse Transcriptase (Life Technologies). Quantitative real-time polymerase chain reaction (qRT-PCR) analysis was carried out using SYBR green PCR master mix (TaKaRa Biotechnology) in a reaction volume of 15 μL. Real-time PCR was performed using a Bio-Rad C1000 TM Thermal Cycler (Carlsbad, CA, USA). The annealing was performed at 60 °C for 30 s. Relative gene expression analysis was performed using the 2( -ΔΔCt ) method with GAPDH as the internal control. The primer sequences are shown in Supplementary Data Table 1 (forward 5'-3', reverse 5'-3').
Immunofluorescence Cells were cultured in 0.17 mm glass-bottom dishes and treated with the indicated agents for the indicated times, after which the cells were fixed with 4% formaldehyde for 20 min at 4 °C, permeabilized with PBS containing 0.2% Triton X-100 for 20 min at room temperature, blocked with 5% w/v BSA in PBS/T (PBS containing 0.1% Tween-20) for 1 h at 37 °C and then incubated with primary antibodies overnight at 4 °C and washed 4 times with PBS/T. The cells were further incubated with fluorescence-conjugated secondary antibodies and Hoechst 33342 for 1 h in the dark, washed 4 times with PBS/T and observed with a Zeiss LSM 700 confocal fluorescence microscope (Oberkochen, Germany).
Animal treatments BALB/c nude mice (specific pathogen-free (SPF) grade, 6 weeks old, 17-18 g), obtained from Shanghai Laboratory Animal Center, CAS (SLAC, Shanghai, China), were injected at the base of the forelimbs with A549 cells (5×10 6 ) growing at log phase. Mice were maintained in an SPF-grade animal room (temperature 23±2 °C, humidity 50%-60%, 12-h light-dark cycle) with free access to food and water. All animal studies were approved by the Animal Ethics Committee of China Pharmaceutical University and have been carried out in accordance with the Declaration of Helsinki. Tumor sizes were measured daily with a Vernier caliper and calculated using the following formula: tumor volume (mm 3 )=length×width×width/2. The mice were randomly divided into 6 groups according to their tumor volumes on the day before treatment. The initial average tumor volume in each group was approximately 40 mm 3 . Each group was treated as follows: Control, mice were treated with saline; TGS, mice were treated with 40 mg/kg of TGS dissolved in saline; MMC, mice were treated with 500 µg/kg of MMC dissolved in saline; MT (TGS/MMC), mice were treated with (40 mg/kg of TGS and 500 µg/kg of MMC) dissolved in saline. All agents were intraperitoneally injected once every day for two weeks.
Sample collection and histologic evaluation
After the mice were euthanized, tumors were immediately removed and weighed, and a small part of the tumors was fixed in 4% formaldehyde, embedded in paraffin, sectioned at 5 µm, and then stained with hematoxylin-eosin (HE), TUNEL and Ki67 accordingly. The tissue sections were observed with a Leica DMI3000B fluorescence microscope (Bensheim, Germany).
Statistical analyses
The data are representative of three independent experiments and are expressed as the mean±standard error of the mean (SEM). Prism 6.0 statistical software was used for data analyses. Two-tailed Student's t-test was used to determine statistical significance. P<0.05 was considered statistically significant.
Results
TGS synergizes with MMC to induce apoptosis in NSCLC cells
To test the regulation of TGS on cell death induced by chemotherapy agents, we co-treated A549 cells with TGS and several chemotherapy agents. The results showed that TGS synergized with MMC in inducing cell death ( Figure 1A and Figure S1 ). CI (combination index) calculated according to Chou [22] , and detection of apoptosis by Hoechst and TUNEL (TdT-mediated dUTP nick-end labeling) staining confirmed the synergistic efficacy of the two agents ( Figure  1B, 1C) . The combination treatment increased the expression of caspase family proteins and enhanced their activation via cleavage ( Figure 1D ), as well as decreased the expression of anti-apoptotic protein Bcl-x L of the Bcl-2 family and increased the expression of pro-apoptotic proteins Bax, Bad, Bak and Bid ( Figure 1E ). The increase in cell death was significantly rescued by the pan-caspase inhibitor Z-VAD-FMK, suggesting that the observed cell death was mostly due to apoptosis ( Figure 1F ). We further tested the cytotoxicity of TGS on PC-9 cells, and TGS exhibited a synergistic effect on chemotherapy agent-induced apoptosis ( Figure S2 ). These data suggest that TGS promotes caspase-dependent apoptotic cell death induced TGS reduces MMC-induced S-phase cell cycle arrest and DNA damage repair As MMC could induce DNA damage, we next examined the effect of the combined treatment on cell cycle and DNA damage repair. Cellular DNA was stained with PI and detected by flow cytometry. As shown in Figures 2A and 2B , TGS significantly rescued MMC-induced S-phase arrest and led to G 1 -phase arrest. In addition, MMC-induced DNA damage repair occurs mainly in S-phase, as shown in both our current study and previous publications [23, 24] , suggesting that TGS might reduce the efficiency of DNA damage repair induced by MMC in the combined treatment, and this was further confirmed by our observation of the accumulation of the DNA damage marker γ-H2AX ( Figure 2C ). The MMCinduced increases in the mRNA and protein levels of key genes involved in DNA damage repair, including BRCA1, BRCA2 and 53BP1 [25, 26] , were also significantly inhibited by TGS ( Figure 2D, Figure S3 ). All these data suggest that TGS could reduce MMC-induced DNA damage repair by inhibiting MMC-induced S-phase cell cycle arrest.
The synergistic effect of TGS and MMC is dependent on the DNA repair protease Rad51 To further explore the regulatory mechanism of TGS in the was calculated according to Chou [22] . Briefly, the IC 50 of TGS, MMC and their combination were estimated according to their cytotoxicity and then 
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Acta Pharmacologica Sinica repair of MMC-induced DNA damage, we next detected the mRNA levels of proteins involved in the repair of MMCinduced DNA damage and found that TGS significantly inhibited the MMC-induced upregulation of Rad51 mRNA ( Figure 3A) . As MEK1/2-ERK1/2-Rad51 signaling is a wellknown pathway regulating the progress of DNA damage repair [27] , we next asked the question of whether this pathway was involved in the synergistic efficacy of TGS and MMC. As the results shown, MMC effectively induced the activation of p-MEK1/2 and p-ERK1/2 and the expression of Rad51, which was significantly blocked by TGS ( Figure 3B ). To validate whether the synergistic efficacy is Rad51-dependent, we silenced Rad51 with specific siRNA and treated the cells with TGS and MMC alone or in combination. The IC 50 of MMC in the Rad51-silenced A549 cells decreased to approximately half of that in the control siRNA-treated cells, and Rad51 knockdown resulted in a loss of synergistic efficacy ( Figure 3C ). We also determined the apoptosis rates in response to TGS, MMC and their combination in A549 cells after Rad51 knockdown. The results showed an additional efficacy rather than a synergistic efficacy ( Figure S4A, B, C) . These data were consistent with the results of the cell viability assay. Determination of cell cycle distribution showed that TGS could still reverse the MMC-induced S-phase cell cycle arrest in the Rad51-silenced cells ( Figure S4D ). Investigation of the effects of ginsenoside monomers on the MEK1/2-ERK1/2-Rad51 pathway demonstrated that, among all the ginsenosides in TGS, ginsenosides Rb2 and Rh2 and diol-type ginsenosides were primarily responsible for the inhibitory effect on the pathway ( Figure  S5 ). Taken together, we concluded that the synergistic anticancer efficacy of the two agents TGS and MMC is dependent on the DNA repair protease Rad51.
TGS inhibits the translocation of Rad51 from the cytoplasm to the nucleus Because the translocation of Rad51 into the nucleus plays a key role in its ability to form foci and its subsequent DNA repair function [28] , we next studied the effect of TGS and MMC on the nuclear translocation of Rad51. The immunoblotting results showed that the level of Rad51 protein was significantly increased in the cytoplasm and decreased in the nucleus by TGS treatment (Figure 4A ), suggesting an inhibition of the cytoplasm-to-nucleus transport of Rad51 by TGS. In addition, the above results were further confirmed by immunofluorescence staining for Rad51 ( Figure 4B ). These data suggest that TGS inhibits the translocation of Rad51 from the cytoplasm to the nucleus, which could also contribute to the synergistic efficacy of TGS with MMC. Figure 5A , 5B, 5D and 5E). Images of all the tumors are shown in Figure 5C . Cell death in the tumors was also found to be significantly enhanced by the combination therapy when compared with TGS or MMC treatment alone by both HE staining ( Figure 5F ) and TUNEL immunostaining ( Figure 5G ). Meanwhile, Ki67 staining showed a complete absence of proliferating cells in the co-treated group ( Figure 5H ). All these data were consistent with the in vitro data and further confirmed the synergistic anticancer effect of TGS and MMC in vivo. 
Combined treatment of TGS with MMC inhibits NSCLC progression in vivo
Discussion
Our results suggest that MMC can be successfully combined with TGS to eradicate NSCLC cell lines A549 and PC-9 in vitro and to inhibit tumor growth in an established xenograft model in vivo, partly due to enhanced caspase-mediated apoptotic cell death and a compromised effect on cell cycle arrest. The combination treatment could decrease the phosphorylation of MEK1/2-ERK1/2, as well as the levels of Rad51 protein and could block the translocation of Rad51 from the cytoplasm to the nucleus. The synergistic efficacy of TGS and MMC was found to be dependent on the DNA recombination repair protease Rad51. These new findings reveal a novel strategy for the treatment of NSCLC and show that a combination of the traditional Chinese medicine TGS and the chemotherapy agent MMC may improve anticancer efficacy. Natural compounds are indispensable sources for the development of modern drugs, and many natural products have anticancer effects; however, the targets and mechanisms of these natural compounds are unknown [15, 29] . Ginseng is the most widely used traditional Chinese medicine in Asian countries. Although many studies on ginseng have demonstrated that several ginsenoside monomers, including Rg3, compound K and Rh2, can regulate cell death and proliferation [13, 30, 31] , suggesting a potential for ginsenosides in combating cancers, little is known about the exact role and mechanism of total ginsenosides extract in combating NSCLC.
To explore the anti-NSCLC mechanism of ginseng extract, we screened several first-line chemotherapy agents together with TGS for cytotoxicity in the NSCLC cell line A549. We found, for the first time, that TGS could significantly enhance the cytotoxicity of MMC in NSCLC A549 and PC-9 cells. The CI (combination index) calculated according to Chou [22] suggests a synergistic effect of the two agents. Hoechst staining and TUNEL assay suggested that TGS increased apoptotic cell death induced by MMC. Immunoblot analysis showed that the combined treatment significantly increased the expression and activation of caspase family proteins and pro-apoptotic proteins of the Bcl-2 family. The synergistic effect of the two agents could be partly reversed by treatment with Z-VAD-FMK, a caspase inhibitor, suggesting a caspase-dependent mechanism.
TGS itself displayed slight inhibitory effects on the viability of A549 and PC-9 cells in vitro and had no significant effect in decreasing tumor size in vivo when used alone. All these data suggest that the synergistic effect of TGS and MMC is not entirely due to the direct toxicity of TGS on NSCLC A549 cells. As TGS alone could significantly induce G 1 -phase cell cycle arrest and could inhibit MMC-induced S-phase cell cycle arrest and efficiency of DNA damage repair, the direct regulation of the cell cycle by TGS could be a possible mechanism for its synergistic behavior with MMC against NSCLC cells.
The screen for changes in mRNA levels demonstrated a significantly rescued effect of TGS on the MMC-induced upregulation of Rad51. The MEK1/2-ERK1/2-Rad51 pathway is already known to be regulated by TGS and MMC, suggesting that it is highly likely that Rad51-mediated DNA damage repair is involved in the synergistic effect. Our observations that TGS could significantly inhibit the upregulation of phosphorylation of MEK1/2-ERK1/2 and expression of Rad51 protein induced by MMC and inhibit the translocation of Rad51 from the cytoplasm to the nucleus in NSCLC A549 cells further support this model.
RAS-RAF-MEK-ERK signaling is a crucial pathway that regulates many cellular processes, such as survival, proliferation and differentiation [32, 33] . ERK signaling is highly activated in many tumors, which leads to drug resistance [34] . Many scientists have reported that a significant increase in the efficacy of chemotherapy agents and the reversal of drug resistance may be achieved by inhibiting this pathway [35, 36] . Interstrand DNA crosslinks, adducts and double-strand breaks (DSBs) induced by MMC are lethal forms of DNA damage that need to be specifically repaired by homologous recombination [6, 37] . Rad51 is an indispensable protein that has a key role in the homologous recombination repair pathway and is often highly expressed in tumor cells, resulting in resistance to chemotherapy agents [38, 39] . High-levels of expression of Rad51 can be used as independent prognostic markers of survival among non-small cell lung cancer patients, and Rad51 is a potential biomarker and therapeutic target in pancreatic cancer [40, 41] . Many drugs can enhance the anticancer efficacy of chemotherapy agents by reducing the expression of Rad51 [42, 43] ; therefore, Rad51 can be used as a target for anticancer therapy [44, 45] . Apart from the expression of Rad51, its nuclear translocation is also a key aspect of its function [46] . Recently, novel insights into the activity and regulation of Rad51 during homologous recombination and DNA replication have been obtained [47] . Chemical agonists of Rad51 are not available. Overexpression of Rad51 can contribute to chemoresistance [48] . Furthermore, from the results of the above studies and those in the literature, it can be predicted that the cytotoxicity of TGS, MMC and their combination in Rad51-overexpressing A549 cells would be lower than that in normal A549 cells, because of the DNA damage repair function of Rad51, and thus, TGS might not inhibit the expression of the Rad51 plasmid through the MEK1/2-ERK1/2-Rad51 pathway.
Based on the results in vitro, we examined the antitumor effect of TGS and MMC treatment alone or in combination at an appropriate dosage on an established xenograft model in vivo [10, 49] . The combined treatment of TGS and MMC significantly increased the tumor inhibition rate and there were almost no proliferation-positive cells in the tumors compared with the treatment with TGS or MMC alone .
In summary, our results demonstrated that TGS, an anticancer adjuvant extracted from one of the most widely used traditional Chinese medicines, ginseng, could synergize with MMC to kill NSCLC A549 cells in vitro and could inhibit the growth of lung tumors in vivo. These findings demonstrated the potential use of TGS as a natural adjuvant in the clinic for the treatment of NSCLC patients with MMC.
Abbreviation
53BP1, p53 binding protein 1; BRCA1/2, breast cancer 1/2; CCK-8, cell counting kit 8; FBS, fetal bovine serum; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HE staining, hematoxylin-eosin staining; MMC, mitomycin C; NSCLC, nonsmall cell lung carcinoma; PBS, phosphate-buffered saline; PVDF, polyvinylidene fluoride; PBST, PBS containing 0.1% Tween-20; qRT-PCR, quantitative real-time polymerase chain reaction; siRNA, small interfering RNA; SPF, specific pathogen-free; TBST, Tris-buffered saline containing 0.1% Tween-20; TGS, total ginsenosides extract.
